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AGE ESTIMATION USING THE SACRAL AURICULAR SURFACE, SACRAL 
VERTEBRAL BODY FUSION, AND SACRAL VERTEBRAL RING 
INCORPORATION 
JAMES ADMANS 
ABSTRACT 
Estimating age at death from the sacrum is largely understudied (Passalacqua 
2009; Colarusso 2015). The present study aims to expand on existing research of both 
developmental and degenerative changes of the sacrum that occur in adulthood. 
Observations were made at the W.M. Bass Collection located in Knoxville, TN (n=326). 
Features of the sacral auricular surface studied include micro- and macroporosity, coarse 
granularity, dense bone, and lipping at apices. These traits were scored and resulted in the 
development of composite scoring system. Fusion of the sacral vertebral bodies at the 
first and second anterior junction and the incorporation of the sacral vertebral ring were 
also observed and scored on ordinal scales. Spearman rank correlation tests demonstrated 
positive correlation between chronological age and the observed skeletal traits. The 
research presented here demonstrates that the sacrum exhibits age-related changes, 
although the age intervals presented are not useful in a forensic setting. 
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INTRODUCTION 
 
  Estimating age is an integral part of creating the biological profile for 
skeletons where age at which an individual died is unknown; therefore, forensic 
anthropologists are often required to provide an overall age estimate of an unidentified 
individual by combining multiple age estimation methodologies (Garvin and Passalacqua 
2012). Estimating the age at death of juvenile remains can be accomplished accurately 
and with more precise age ranges due to the growth and development of the skeleton 
occurring at relatively predictable rates. Although there are developmental age estimation 
techniques which apply to young adults, such as late stage tooth formation and eruption 
(Al-Qahtani 2010; Moorrees et al. 1963; Mincer et al. 1993), the fusion of the medial 
epiphysis of the clavicle (Shirley and Jantz 2010), and the fusion of the first and second 
sacral segment bodies (Belcastro et al. 2008; Passalacqua 2009; Ríos et al. 2008), most 
techniques for age estimation of adults provide less precise age ranges due to heavy 
reliance on variable degenerative changes. These skeletal age indicators include the pubic 
symphysis (Brooks and Suchey 1990; Hartnett 2010a; Katz and Suchey 1986; Todd 
1920), the auricular surface of the os coxa (Lovejoy et al. 1985; Osborne et al. 2004; 
Buckberry and Chamberlain 2002; Igarashi et al. 2005), cranial suture closure (Mann et 
al. 1987; Mann et al. 1991; Nawrocki 1988; Todd and Lyon 1924, 1925a, 1925b, and 
1925c), sternal rib ends (İşcan et al. 1984a, 1984b, 1985, 1987; İşcan and Loth, 1986a, 
1986b; Hartnett 2010b), and the acetabulum (Calce 2012; Calce and Rogers 2011; Mays 
	2 
2012, 2014; Rissech et al. 2006, 2007; Rouge-Maillart et al. 2014). 
 In their survey of forensic anthropologists, Garvin and Passalacqua (2012) reported 
that the majority of respondents utilize the Suchey-Brooks (1990) method (95.3%), the 
Lovejoy et al. (1985) method (84.5%), the İşcan et al. (1984a, 1984b, 1985, 1987; İşcan 
and Loth 1986a) method (89.9%), and the Meindl & Lovejoy (1985) method (61.2%). 
Their study also found that there was no general consensus among respondents for 
establishing overall age estimates. The most popular survey response included relying on 
a combination of experience, observational results, and an overall “gestalt” of the skeletal 
remains. Because of the existing trend in forensic osteology for anthropologists to utilize 
multiple methodologies to create overall age estimates (Garvin and Passalacqua 2012), 
the present study aims to add to existing research for estimating age at death of skeletons 
that will allow researchers to construct more precise age estimates by adopting variables 
from the iliac auricular surface and applying them to the sacral auricular surface. 
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PREVIOUS RESEARCH 
 
  Lovejoy et al. (1985) introduced a methodology for scoring the iliac auricular 
surface. In their research, observations were made from 250 preserved auricular surfaces 
from the Libben collection, 500 specimens from the Hamann-Todd collection, and 14 
auricular surfaces from forensic cases. The authors based their analysis on earlier work 
by Sashin (1930) who observed the cartilaginous portion of the auricular surface. Sashin 
(1930) described the lining of the cartilage as having an eroded morphology in older 
individuals. Lovejoy et al. (1985) argued that the change to the cartilage may not reflect 
the exact changes on the iliac auricular surface. The morphological changes that occur 
can be summarized as originally exhibiting billows and very fine granularity. Over time, 
billowing is lost and replaced with striae. Granularity becomes more coarse before 
turning to a more dense surface. Gradually, the topography of the joint becomes irregular, 
may develop macroporosity, and have an overall eroded appearance. Overall, Lovejoy et 
al. (1985) suggested eight phases with varying age ranges, which gradually increase with 
age. 
 Murray and Murray (1991) conducted a validation study of the auricular surface 
age estimation technique developed by Lovejoy et al. (1985) by utilizing the Terry 
Collection and also explored potential sex and ancestral differences. Murray and Murray 
(1991) selected 50 white males, 50 white females, 50 black males, and 50 black females, 
which was later reduced (n=189) because of lack of availability for os coxae. In initial 
analysis, no sex or ancestral differences were found. However, age was generally 
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underestimated by 13 years. To further their study, age groups were constructed (20-49, 
50-60, and 61+). After the age grouping, ancestral differences were determined to be 
significant in the younger category. Additionally, the older cohort was largely 
underestimated. Overall, Murray and Murray (1991) concluded that the method of 
Lovejoy et al. (1985) is too inaccurate to use in a forensic context and should not be the 
only indicator for age at death estimation of skeletal remains.  
 Bedford et al. (1993) utilized 55 skeletons from the Grant collection for validation 
studies of a number of age estimation methods including the technique by Lovejoy et al. 
(1985). The auricular surface was found to be a generally good age indicator past age 40 
and was only secondary to the pubic symphysis in the third decade (Bedford et al. 1993). 
 Buckberry and Chamberlain (2002) introduced a revised age estimation technique 
using the auricular surface. Unlike the phase-based system introduced by Lovejoy et al. 
(1985), Buckberry and Chamberlain (2002) adapted the age-related variables from the 
auricular surface and created a composite-based age estimation technique which also 
considered the percentage of the surface covered by each variable, including transverse 
organization, surface texture, microporosity, and macroporosity. Changes to the 
morphology of the apex were also scored. After developing the methodology, the 
researchers utilized 180 skeletons from the Christ Church Spitalfields skeletal collection. 
Composite scores from each variable were then summed and each auricular surface was 
placed in one of seven stages. Although the variables are correlated with age, the method 
produces age estimates that are too wide to be of use in a forensic setting (Buckberry and 
Chamberlain 2002). 
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 To validate the revised method by Buckberry and Chamberlain (2002), Mulhern 
and Jones (2005) tested the method on the Terry and Huntington collections (n=309) 
which included males and females from Black and White ancestral populations. 
Observations were made preferentially on the left auricular surfaces, but right auricular 
surfaces were substituted when the left was unobservable. Mulhern and Jones (2005) 
found that there were no differences between sexes and ancestral groups. Individuals 
were more accurately aged between the ages 50-69, but individuals younger than this 
bracket were overestimated (Mulhern and Jones 2005). 
 Falys et al. (2006) tested the Buckberry and Chamberlain (2002) method on 167 
individuals from the St. Bride’s collection. Microporosity was found to be the most 
highly correlated feature with age. Although Buckberry and Chamberlain’s (2002) 
method produced accurate age estimates and was easier to apply than Lovejoy et al.’s 
(1985) method, Falys et al. (2006) found that the Buckberry and Chamberlain (2002) 
technique produced imprecise and general age estimates. 
 Hens and Belcastro (2012) tested Buckberry and Chamberlain’s (2002) method on 
404 individuals from the Sassari collection. Although they did not find any initial 
differences between males and females, composite score differences between sexes were 
significant. Transverse organization scores were more correlated with males. Changes to 
the apex were more correlated with females. Hens and Belcastro (2012) compared their 
experiment to findings by Falys et al. (2006), which included higher correlation with 
microporosity. 
 Osborne et al. (2004) utilized the Terry and William M. Bass collections to test the 
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accuracy of Lovejoy et al.’s (1985) method. Osborne et al. (2004) found that there were 
no sex or ancestral differences. However, the Lovejoy et al. (1985) method was found to 
be inaccurate due to only 33% of the sample being aged accurately. Osborne et al. (2004) 
attributed the inaccuracies to the lack of consideration for human variation. As a result, a 
new method was introduced with an original 8 phases, but later reduced to 6 phases due 
to a lack of statistical differences between ages. Osborne et al. (2004) also included 95% 
confidence intervals to update the Lovejoy et al. (1985) method to modern statistical 
standards. 
 Igarashi et al. (2005) introduced a method for analyzing the iliac auricular surface 
based on a sample of 700 individuals from several Japanese universities. Their method 
was based on a presence/absence scoring system of traits and correlating the composite 
score with age. Due to lack of success with the composite scores system, Igarashi et al. 
(2005) opted for the use of dummy variables. This study affirmed previous findings that 
the iliac auricular surface generally starts off as granular and gradually becomes more 
porous over time.  
 Although there has been a substantial amount of research regarding the iliac 
auricular surface, the sacral auricular surface has received little attention. In their research 
on age estimation techniques of young adult American servicemen, McKern and Stewart 
(1957) reported briefly on the sacrum and its utility in age estimation. The authors 
suggested that the most useful information for age estimation can be gathered by 
observations of the fusion states of the anterior sacral bodies. Young auricular surfaces 
are described as smooth and having rounded relief (20 years), whereas the surface may 
	7 
later become eroded and have irregular anterior margins (33 years). They noted that the 
changes on the auricular surface of the sacrum do not occur in a pattern that would be 
useful in age estimation (McKern and Stewart 1957). Lovejoy et al. (1985) state that the 
sacral aspect of the sacroiliac joint cannot be used for the age estimation and suggest that 
this may be attributed to changes to the cartilage and the overall thinness of the cartilage 
in general. Passalacqua (2009) agreed that variables observed on the sacral and iliac 
portions of the joint cannot be interchanged between surfaces, and also challenged the 
idea that the sacral auricular surfaces could not be useful in age estimates. In addition to 
assessing developmental changes of the first and second sacral segment bodies and sacral 
vertebral ring, Passalacqua (2009) analyzed variables of degenerative change to the 
sacrum including sacral vertebral ring absorption and features of the sacral auricular 
surface, such as the surface texture, microporosity, macroporosity, and osteoarthritic 
changes to the sacral auricular surface apex. The sample included 384 paired ilia and 
sacra from the Hamann-Todd collection and 249 individuals from the William M. Bass 
Donated Skeletal collection. A sequential coding component system was developed that 
was used to describe the traits of the sacrum that correlated with age with an original 
eight phases. Passalacqua (2009) found that microporosity and macroporosity appear at 
roughly the same time, reduced the number of final phases to six, and found no sex and 
ancestral biases. In his discussion and conclusion, that the developmental traits of the 
sacrum provide more precise age estimation information. However, the degenerative 
changes provide imprecise age estimates, which may not be useful in a forensic setting. 
Despite this information, the sacrum may still yield important information regarding age 
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at death. Passalacqua (2009) suggests that the best way to use his methodology is in 
conjunction with other methods due to wide age ranges produced by the method. 
Colarusso (2015) validated Passalacqua’s (2009) research on 153 individuals from the 
Grant collection and found an overall accuracy of 97.3% for all ranges, but agreed that 
the 95% range results introduced by Passalacqua (2009) were of little use in a forensic 
setting because of their broadness. However, both Passalacqua (2009) and Colarusso 
(2015) find that the method has high enough accuracy (95%) to comply with Daubert 
standards. 
 
 In addition to the degenerative changes to the sacral auricular surface, many 
developmental changes associated with the sacrum can be used to estimate age (Scheuer 
and Black 2004). Ríos et al. (2008) studied the fusion of the anterior border of the first 
and second sacral segments. The study was based on 242 skeletons from the Lisbon 
collection. They also incorporated varying degrees of fusion based on previous work by 
Belcastro et al. (2008). Ríos et al. (2008) utilized transition analysis to estimate the 
average age at which the fusion occurs and found that the average age at which the 
anterior margin completely fuses is 35 in females and 37 in males. Passalacqua (2009) 
also researched sacral vertebral body fusion, which was developed in his sequential 
coding component system. The first and second sacral segments remained open from 10 
to 46 years (95% range) (Passalacqua, 2009).  Previous research therefore indicates that 
the S1/S2 anterior border may remain open for a substantial period. 
 Albert and Maples (1995) assessed stages of vertebral ring epiphyseal fusion in 
their analysis of 55 individuals. In their method, vertebrae are scored on stages of 0 to 3 
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which depicts various degrees of fusion of thoracic and lumbar vertebrae. The epiphyseal 
fusion stages were found to correlate with age. There were no major sex or ancestral 
differences, although the small sample size may not account for all possible variation. 
Albert (1998) later used the method on two verified forensic cases.  
 Boldsen et al. (2002) describe that superior and inferior posterior iliac spines may 
articulate with the sacrum. This area is described as having a roughly oval appearance, 
and was given a score of 5 out of 6 options of variations of posterior iliac exostoses. In 
contrast, Buckberry and Chamberlain (2002) noted the retroauricular area to be a poor 
indicator of age. 
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MATERIALS AND METHODS 	
  The overall sample (n=326) for the present study consisted of 137 females 
and 189 males from the William M. Bass Donated Skeletal collection located in 
Knoxville, TN. The sample used for the present study consists of ages ranged from 19 to 
101 years. The majority of individuals were of European ancestry (n=318). Individuals of 
African/Black (n=5) and Hispanic (n=2) ancestry were also used in the present study. 
Individuals were selected for having observable and well-preserved sacra. Sample sizes 
for the auricular surface (n=301 for left, n=304 for right), sacral vertebral body fusion 
(n=326), sacral vertebral ring fusion (n=322), and the posterior facet (n=323) vary due to 
observable trait totals. 
 Variables were adopted by a variety of researchers who have previously studied the 
auricular surface and included transverse organization, microporosity, macroporosity, 
dense porosity, fine granularity, coarse granularity, dense bone, roughness, lipping or 
ankylosis at the apices, depression of the auricular surface, fusion of the first and second 
sacral segments, and sacral vertebral ring incorporation. Whereas Passalacqua (2009) 
scored auricular surface variables on an absence/presence basis, the present study 
expanded on this research by adopting methodology by Buckberry and Chamberlain 
(2002) where percentage of the variables represented is considered. Due to the age 
distribution of the sample, transverse organization was not observed in any individuals 
due to the fusion of the sacral auricular epiphysis in all observed sacra. Additionally, fine 
granularity was not present as it is expressed on the iliac auricular surface. Lovejoy et al. 
(1985) refer to fine granularity as a fine structure that resembles sandpaper. However, 
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this trait is not expressed on the sacral aspect of the joint. Dense porosity rarely occurred 
and was eliminated from the study. Roughness and surface depressions were also 
considered and scored throughout the study. These did not correlate with age and were 
eliminated. 
 Microporosity is a common variable which researchers often use for age estimation 
(Buckberry and Chamberlain 2002; Brooks and Suchey 1990; Hartnett 2010; Passalacqua 
2009). Passalacqua (2009:589) defines microporosity as “pits or holes on the cortical 
auricular surface with a diameter less than 1mm”. However, microporosity is often 
described as consisting of small perforations of bone less than 1 mm (Buckberry and 
Chamberlain 2002; Lovejoy et al. 1985), which is also utilized in the present study. 
Additionally, The present study adopted Passalacqua’s (2009:589) definition of 
macroporosity as “cortical articular surface pits or holes with a diameter more than 1 
mm.” (Figure 1). 
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Figure 1. Macroporosity (left arrow), and microporosity (right arrow) on a sacral 
auricular surface. 
 
 
 
 
 Granularity has been included in iliac auricular surface studies (Buckberry and 
Chamberlain 2002; Igarashi et al. 2005; Lovejoy et al. 1985), but Passalacqua (2009) 
excluded granularity from his study based on the complexity of the variable. In the 
present study, coarse granularity is defined as a breakdown of the cortical surface often 
resulting in a pitted and porous appearance of the lateral cortical layer of the auricular 
surface, which is often accompanied by an exposed underlying layer of bone (Figure 2). 
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Figure 2. Coarse granularity (arrow) on a sacral auricular surface. 
 
 
 
 Previous researchers have described dense bone as smooth or nonporous bone 
(Buckberry and Chamberlain 2002; Igarashi et al. 2005; Lovejoy et al. 1985). The 
present study adopts this definition (Figure 3). Dense bone refers to the texture of the 
surface rather than the topography and can be irregular. 
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Figure 3. Dense bone throughout an auricular surface. 
 
 
 Lipping is defined as any extension of osteoarthritic bone that extends past the 
articular surface, and is adopted from Buikstra and Ubelaker (1994:180). Lipping is 
scored on a presence/absence basis. Superior, apical, and inferior apices were recorded 
separately. 
 Sacral vertebral body fusion is observed between the first and second anterior sacral 
segments (Figure 4). Following Passalacqua (2009), any lack of fusion including an open 
scar is considered open. 
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Figure 4. Sacral vertebral bodies unfused (left) and fused (right) at the S1/S2 
junction. 
 
 
 
 The sacral vertebral ring is located at the superior portion of the sacrum where 
articulation with the fifth lumbar vertebra occurs. Due to the age distribution of the 
sample consisting of adult individuals, fusion of the sacral vertebral ring is not 
considered. The superior ring of the fifth lumbar vertebra was substituted for individuals 
where the sacral vertebral ring was unobservable, such as in cases of sacralization, 
following Passalacqua (2009). The incorporation of the sacral vertebral ring was scored 
on a system of 1-4 (Table 1, Figures 5-8). 
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Figure 5. Stage 1 of sacral vertebral ring incorporation (no incorporation). The 
sacral vertebral ring is fused to the sacral plateau. No billowing is present. 
 
 
 
 
Figure 6. Stage 2 of sacral vertebral ring incorporation. The sacral vertebral ring 
has begun to incorporate. This may include extensions of the sacral vertebral ring 
towards the center of the plateau. 
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Figure 7. Stage 3 of sacral vertebral ring incorporation. Portions of the sacral 
vertebral ring have become incorporated or severely flattened and are 
distinguishable from the rest of the sacral plateau. 
 
 
 
 
Figure 8. Stage 4 of sacral vertebral ring incorporation. Severe breakdown of the 
sacral plateau has occurred. Remnants of the ring may still be present or completely 
indistinguishable. 
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 Observations were made regarding developed facets on the dorsal wall of the 
sacrum, which articulated with the retroauricular area of the ilia or the posterior superior 
and inferior iliac spines (Figure 9). These were scored on a presence/absence basis.  
 
Figure 9. Posterior facet (arrow) on a sacrum. 
 
 
 
 Features and traits were visually assessed and assigned composite scores as 
outlined in Table 1.  The composite scores of the auricular surface were then summed to 
form stages with assigned 95% ranges. Composite scores with similar means and ranges 
and small sample sizes were combined. 
 All statistical tests were performed using IBM SPSS 20. Spearman’s rank 
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correlation tests were conducted to determine correlations between chronological age and 
potential age indicators. Variables that did not correlate with age (p=0.01) were excluded 
from further analysis in the present study. Paired t-tests were used to determine 
differences between the right and left sides of the sacral auricular surface and to 
determine differences between males and females. The scores of trait phases for 
microporosity, macroporosity, coarse granularity, and apical lipping were summed to 
composite scores. A Spearman rank correlation test was then conducted to test the 
correlation of the composite scores. Means and 95% ranges were compared to collapse 
composite scores. T-tests were conducted to test statistical differences between composite 
scores to group composite scores. Intra- and inter-observer error tests were also 
conducted using Kappa tests. Agreement values outlined by Landis and Koch (1977) 
were used in the present study. 
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Table 1. Scores for sacral traits. 
Scores for the sacral auricular surface 
Microporosity 
1 No microporosity is present. 
2 Microporosity is present. 
Macroporosity 
1 No macroporosity is present. 
2 Macroporosity is present. 
Coarse Granularity 
1 No coarse granularity is present. 
2 25% or less of the surface is coarsely granular. 
3 25-49% of the surface is coarsely granular. 
4 50-89% of the surface is coarsely granular. 
5 90% of the surface is coarsely granular. 
Dense Bone 
1 90% or more of the surface is dense bone. 
2 50-89% of the surface is dense bone. 
3 49-25% of the surface is dense bone. 
4 25% or less of the surface is dense bone or no dense bone is present. 
Lipping 
1 Lipping is present. 
2 Lipping is absent. 
Sacral vertebral body fusion 
1 The first and second sacral segments are unfused. Scar may be open. 
2 The first and second sacral segments are fused. Scar is closed. 
Sacral vertebral ring incorporation 
1 The sacral vertebral ring is fused to the sacral plateau. No billowing is 
present. 
2 The sacral vertebral ring has begun to incorporate. This may include 
extensions of the sacral vertebral ring towards the center of the plateau. 
3 Portions of the sacral vertebral ring have become incorporated or 
severely flattened that they are indistinguishable from the rest of the 
sacral plateau. 
4 Severe breakdown of the sacral plateau has occurred. Remnants of the 
ring may still be present or completely indistinguishable.  
Posterior sacrum facets 
1 No facets are present 
2 There are one or more facets on the posterior aspect of the sacrum that 
articulate with the iliac retroauricular area or posterior spines. 
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RESULTS 
 	 	 Using Spearman rank correlation tests several variables of the sacral auricular 
surface, including micro- and macroporosity, coarse granularity, dense bone, and lipping 
at the superior, anterior, and inferior apices were shown to be positively associated with 
age on both right and left sides (Table 2). Due to micro- and macroporosity mostly 
occurring in small amounts on auricular surfaces, assessing these traits was collapsed to 
an absence/presence scoring system.  
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Table 2. Results from Spearman Rank Correlation Test correlating variable scores 
with age. 
Feature Correlation 
Coefficient 
Sig. (2-
tailed) 
N p value 
Microporosity (left) 0.296 0.000 302 0.01 
Microporosity (right) 0.255 0.000 301 0.01 
Macroporosity (left) 0.319 0.000 302 0.01 
Macroporosity (right) 0.314 0.000 301 0.01 
Coarse granularity (left) 0.380 0.000 302 0.01 
Coarse granularity (right) 0.353 0.000 301 0.01 
Dense bone (left) 0.320 0.000 302 0.01 
Dense bone (right) 0.292 0.000 301 0.01 
Sup. Apical changes 
(left) 
0.289 0.000 323 0.01 
Sup. Apical changes 
(right) 
0.269 0.000 326 0.01 
Ant. Apical changes (left) 0.200 0.000 322 0.01 
Ant. Apical changes 
(right) 
0.320 0.000 326 0.01 
Inf. Apical changes (left) 0.189 0.000 326 0.01 
Inf. Apical changes 
(right) 
0.216 0.000 322 0.01 
S1/S2 Fusion 0.378 0.000 326 0.01 
Sacral Ring 0.407 0.000 322 0.01 
Posterior facet 0.302 0.000 323 0.01 
Sum of composite scores 0.539 0.000 302 0.01 
Composite score stages 
(1-8) 
0.545 0.000 302 0.01 
Composite score stages 
(1-5) 
0.536 0.000 302 0.01 
Composite score stages 
(1-6) 
0.526 0.000 302 0.01 
 
 Paired sample T-tests were conducted to determine any discrepancies between the 
right and left sides. There were no significant differences between positively correlated 
variables on right and left sides (p=.000). A two-sample two-tailed t-test was used to 
determine differences between males and females. There were no statistically significant 
differences for any correlated features of males and females (p=.000). 
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 The left sacral auricular surface scores were used for further analysis of composite 
scores to avoid inflation of data. Due to availability and completeness, the sample size for 
observations of the left sacral auricular surface is smaller (n=302) than the entire sample 
(n=326). Scores for microporosity, macroporosity, coarse granularity, dense bone, and 
lipping at the superior, anterior, and inferior apices were summed for composite scores. A 
Spearman rank correlation test was used to determine the correlation between the 
composite scores and known ages (Correlation Coefficient=.563; p=0.01). Distributions 
of the scores are presented in Figures 10-16. Overall age ranges for the sacral auricular 
surface observations are reported in Table 3.  Because of a smaller representation of 
lower composite scores, the scores 7-9 were collapsed. Additionally, scores 16-18 were 
collapsed to a single stage due to smaller sample size and similar mean ages and ranges 
and are reported (Table 4). In attempt to collapse additional stages, scores 11 and 12, 13 
and 14, and 15 and 16 were also collapsed. This resulted in five stages with 95% ranges 
(Table 5). 
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Figure 10. Distribution of scores for microporosity.  
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Figure 11. Distribution of Scores for macroporosity. 
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Figure 12. Distribution of scores for coarse granularity. 
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Figure 13. Distribution of scores for dense bone. 
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Figure 14. Distribution of scores for superior apical lipping. 
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Figure 15. Distribution of scores for anterior apical lipping. 
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Figure 16. Distribution of inferior apical lipping. 
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Figure 17. Distribution of sum of composite scores of the sacral auricular surface. 
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Figure 18. Distribution of scores for the sacral vertebral ring. 
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Table 3. Overall age ranges based on composite scores of the sacral auricular 
surface. 
 
Composite 
Score 
Stage N Mean 
(years) 
Std. 
dev. 
(years) 
Min. 
(years) 
Max. 
(years) 
95% range 
(years) 
7 1 3 24.33 3.78 20.00 27.00 No data 
8 2 2 24.00 No data 24.00 24.00 24.00-24.00 
9 3 9 38.44 17.67 24.00 78.00 24.86-52.02 
10 4 10 42.30 13.96 25.00 71.00 32.31-52-28 
11 5 24 51.87 18.10 27.00 88.00 44.23-59.51 
12 6 55 53.40 15.80 19.00 87.00 49.12-57.67 
13 7 54 52.59 14.61 32.00 90.00 48.60-56.58 
14 8 43 58.62 16.12 27.00 89.00 53.66-63.59 
15 9 41 70.29 17.84 33.00 99.00 64.65-75.92 
16 10 35 73.51 13.23 46.00 94.00 68.96-78.06 
17 11 19 74.84 13.34 48.00 94.00 68.40-81.27 
18 12 7 74.86 13.34 57.00 95.00 62.51-87.20 
 
 
Table 4. Overall age estimates with combined early and late composite scores, 
consisting of 8 stages. 
 
Composite Score Stage N Mean 
(years) 
Std. dev. 
(years) 
Min. 
(years) 
Max. 
(years) 
95% range 
(years) 
7-9 1 14 33.35 15.63 20.00 78.00 24.32-42.38 
10 2 10 42.30 13.96 25.00 71.00 32.31-52-28 
11 3 24 51.87 18.10 27.00 88.00 44.23-59.51 
12 4 55 53.40 15.80 19.00 87.00 49.12-57.67 
13 5 54 52.59 14.61 32.00 90.00 48.60-56.58 
14 6 43 58.62 16.12 27.00 89.00 53.66-63.59 
15 7 41 70.29 17.84 33.00 99.00 64.65-75.92 
16-18 8 61 74.08 13.07 46.00 95.00 70.73-77.43 
 
 
 
 
 
 
 
 
 
	34 
Table 5. Overall age estimates with combined composite scores into 5 stages. 
 
Composite 
Score 
Stage N Mean 
(years) 
Std. 
dev. 
(years) 
Min. 
(years) 
Max. 
(years) 
95% 
range 
(years) 
7-9 1 14 33.35 15.63 20.00 78.00 24.32-
42.38 
10-11 2 34 49.05 17.35 25.00 88.00 43.00-
55.11 
12-13 3 109 53.00 15.16 19.00 90.00 50.12-
55.87 
14-15 4 84 64.32 17.87 27.00 99.00 60.44-
68.20 
16-18 5 61 74.08 13.07 46.00 95.00 70.73-
77.43 
 
In attempt to delineate stages that were statistically similar, t-tests were conducted 
to determine potential significant differences in mean ages according to composite score. 
The results of the t-tests revealed that there were no statistically significant differences 
between composite scores 7 through 11 or 12 to 13. However, composite scores 14 to 18 
were significantly different. The results for these t-tests are outlined in Table 7. After 
grouping composite scores, another t-test was conducted to test the significant difference 
of mean ages between stages consisting of groups 7-11 and 12-13. These were not 
significantly different (t=0.985, df=23, p=0.348). Following the results of the t-tests, a 
Spearman rank correlation test was conducted to determine correlation between age and 
the 6 stages. The result of this test was similar to the correlation coefficient of other 
stages (Correlation Coefficient=0.526; p=0.01). 
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Table 6. Results from paired sample t-tests showing potential significant differences 
mean ages of composite scores. 
 
Score Comparison t df Sig. (2-tailed) 
7 / 8 -.333 1 .795 
8 / 9 1.000 1 .500 
9 / 10 -.166 8 .872 
10 / 11 1.604 9 .143 
11 / 12 5.208 23 .000 
12/ 13 .327 53 .745 
13 / 14 10.444 42 .000 
14/ 15 -23.425 40 .000 
15 / 16 -14.696 34 .000 
16 / 17 -9.834 18 .000 
17 / 18 -6.173 6 .001 
 
Table 7. Age ranges after completed t-tests of significant difference resulting in 6 
stages. 
 
Composite Score Stage N Mean 
(years) 
Std. dev. 
(years) 
Min. 
(years) 
Max. 
(years) 
95% range 
(years) 
7-13 1 157 50.39 16.56 19.00 90.00 47.78-53.00 
14 2 43 58.62 16.12 27.00 89.00 53.66-63.59 
15 3 41 70.29 17.84 33.00 99.00 64.65-75.92 
16 4 35 73.51 13.23 46.00 94.00 68.96-78.06 
17 5 19 74.84 13.34 48.00 94.00 68.40-81.27 
18 6 7 74.85 13.34 57.00 95.00 62.51-87.20 
 
 The first and second sacral bodies fused at the earliest at age 19, with the oldest 
occurring sacral vertebral junction unfused at age 66, although most were fused in older 
adults. Only 26 individuals in the studied sample for this trait (n=322) exhibited unfused 
S1/S2 junctions. 
 Spearman rank correlation tests of scores of the sacral vertebral ring resulted in 
positive correlation with age. Results for the sacral vertebral ring incorporation stages are 
reported in Table 2.  The distribution of scores for the sacral vertebral ring is reported in 
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Figure 18, and 95% ranges were also constructed for this feature (Table 8). 
 
Table 8. Overall age estimates for the incorporation of the sacral vertebral ring. 
 
Stage N Mean 
(years) 
Std. dev. 
(years) 
Min. 
(years) 
Max. 
(years) 
95% range (years) 
1 26 33.73 11.07 19.00 70.00 29.25-38.20 
2 188 58.30 17.17 21.00 96.00 55.83-60.77 
3 90 64.93 16.40 27.00 97.00 61.49-68.36 
4 18 77.27 14.36 47.00 101.00 70.13-84.42 
  
 The presence of the posterior facets was noted and tested using Spearman rank 
correlation tests and showed to be weakly correlated with age (Left Correlation 
Coefficient =0.269, p value=0.01; Right Correlation Coefficient=0.247, p value=0.01). 
However, the presence of the facet despite side has a higher correlation coefficient 
(=0.302, p value=0.01).  These facets occurred in 22.7% of the sample where the feature 
could be observed (n=323). The earliest this feature occurred was 35 on the left side 
(mean=69.54) and 32 (mean=68.11) on the right side. 
 Intra-observer error was conducted with 19 sacra which included observations 
made from sacral vertebral rings (n=19), S1/S2 body fusions (n=19), and sacral auricular 
surfaces (n=37). Observations were made two weeks apart. Additionally, a test of inter-
observer error was conducted with a Master’s-level student with one year of experience 
with human osteology who had recently been introduced to the scoring system outlined in 
Table 1. Kappa values for intra- and inter-observer error are reported in Tables 9 and 10. 
The Kappa values for intra-observer error consisted of moderate agreement (K = 0.41-
0.60) for microporosity and coarse granularity. Variables with substantial agreement (K = 
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0.61 – 0.80) included macroporosity, dense bone, superior apical lipping, and inferior 
apical lipping.  S1/S2 body fusion had perfect to almost perfect agreement (0.81 – 1.00). 
The sacral ring had fair agreement (0.21 – 0.40). Anterior apical lipping has complete 
agreement, except in two cases of differing scores among the 37 sacral auricular surfaces 
in the analysis. The Kappa value could not be determined due to the uniform distribution 
of scores. 
For inter-observer tests, the other observer had constant values for microporosity, 
superior apical lipping, and S1/S2 sacral body fusion. Both observers had constant values 
for inferior apical lipping. Kappa values are indeterminate for these traits. Of the 
variables that could be assessed with Kappa tests, macroporosity showed fair agreement 
(0.21 – 0.40). Coarse granularity and dense bone both showed slight agreement (0.01 to 
0.20). There was no agreement between observers for the sum of composite scores or the 
sacral ring. 
Table 9. Intra-observer error values. 
 
Feature Kappa Value Agreement Value 
(Landis and Koch 1977) 
Microporosity .433 Moderate agreement 
Macroporosity .783 Substantial agreement 
Coarse Granularity .594 Moderate agreement 
Dense Bone .705 Substantial agreement 
Superior Apical Lipping .687 Substantial agreement 
Anterior Apical Lipping Indeterminate N/A 
Inferior Apical Lipping .654 Substantial agreement 
Sum of Composite Scores .265 Fair agreement 
S1/S2 Body Fusion 1.000 Almost perfect to perfect 
agreement 
Sacral Ring .337 Fair agreement 
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Table 10. Inter-observer error values. 
 
Feature Kappa Value Agreement Value 
(Landis and Koch 1977) 
Microporosity Indeterminate N/A 
Macroporosity .261 Fair agreement 
Coarse Granularity .039 Slight agreement 
Dense Bone .142 Slight agreement 
Superior Apical Lipping Indeterminate N/A 
Anterior Apical Lipping Indeterminate N/A 
Inferior Apical Lipping Indeterminate N/A 
Sum of Composite Scores -.034 No agreement 
S1/S2 Body Fusion Indeterminate N/A 
Sacral Ring -.143 No agreement 
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DISCUSSION 	
  By adopting the scoring system of percentages introduced by Buckberry and 
Chamberlain (2002) the authors aimed to expand on previous research by Passalacqua 
(2009) to the sacral auricular surface which has been largely understudied, possibly due 
to the opinion that the sacral auricular surface cannot be used to estimate age precisely 
(Lovejoy et al., 1985; McKern and Stewart 1957). However, both macro- and 
microporosity covered small percentages of sacral auricular surfaces and were collapsed 
to form a presence/absence scoring system, therefore following Passalacqua (2009). 
Porosities were both more common in older age cohorts. Additionally, the higher 
presence of dense bone in younger age categories and higher prevalence of coarse 
granularity in older groups indicates that the sacral auricular surface goes through a 
gradual process of breakdown and becoming more porous. Additionally, there are 
arthritic changes to the apices, which also correlate with age. This is in contrast to 
previous work by Lovejoy et al. (1985) who state that the auricular surface goes through 
a progressive change of granularity to density to porous irregularity. The sacral auricular 
surface does not share the same type of granular features or timeline. Rather, the surface 
begins as dense bone and progressively becomes more porous and arthritic. Based on this 
information, the present study introduces age ranges with 95% ranges (Tables 3, 4, and 
7). The original ranges are reported (Table 3) in addition to the collapsed composite 
groups into different stages (Table 4 and 7). However, some of these ranges outlined in 
Tables 3, 4, and 7 are wide and may not be useful in a forensic setting without the 
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additional usage of other age estimation methods. In contrast, several of the 95% ranges 
are too narrow, likely due to small sample size that is dominated by individuals 50 years 
or older. 
 The use of uncombined composite scores for age estimation is likely not best 
practice due to potential disagreement between observers resulting in different age 
estimates. Inter-observer error showed that there was no agreement between the two 
separate observers. However, there was fair agreement in intra-observer error analysis, 
indicating that using the method might increase with experience. To prevent 
disagreement, the composite scores were collapsed into stages that would potentially 
reduce inter-rater disagreement. However, variability among the sample was reduced 
from the original 95% ranges outlined in Table 3. This resulted in narrow age ranges. 
Secondary analyses of the compiled composite groupings resulted in age ranges that 
sometimes did not overlap and left gaps between stages (Table 4). In attempt to solve this 
problem, t-tests were conducted to test statistical differences between stages. Groups 7-13 
were not statistically different were combined, resulting in a 6 stage system (Table 7). 
However, the 6 stage system had many of the same problems as previous stages, 
including narrow ranges and little room for overlap. Additionally, the higher composite 
scores were all statistically different making age estimation more susceptible to observer 
disagreement. These ranges would indicate that the sacral auricular surface morphology 
abruptly changes at different intervals throughout life. However, this is inconsistent with 
previous age estimation research (Brooks and Suchey, 1990; Buckberry and 
Chamberlain, 2002; Hartnett 2010a, 2010b), which has demonstrated considerable 
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variability associated with degenerative processes. The use of 100% ranges may be more 
reliable. However, these ranges could reach from the 20s to the 90s, which are not useful 
for estimation of age. 
 The percentage of individuals with unfused sacral vertebral bodies was high 
considering the distribution of age in the sample. However, the scoring system for the 
first and second sacral body segment fusion was simple (Table 1) and may not have 
represented all potential expressions of fusion. Ríos et al. (2008) and Belcastro et al. 
(2008) use a system that incorporates degrees of fusion along the S1/S2 junction, whereas 
the present study focused only on complete fusion or lack thereof. In younger and middle 
age groups, the lack of fusion at the S1/S2 scar, but complete fusion of the sacral bodies, 
could contribute to the number of individuals with a score of 1 indicating unfused (Table 
1). Alternatively, the number of younger individuals in their 20s and 30s was 
underrepresented due to the distribution of studied sample, whereas older individuals 
dominated the sample and could have better represented human variation. Alternatively, 
the earliest fused sacrum was observed from an individual who was aged 19 years at 
death, which was the youngest individual in the sample. Observations of individuals 
younger than 19 years could not be made. Due to lack of comparative younger 
individuals, no statement can be made regarding earliest complete fusion. 
 The sacral vertebral ring was scored as a single feature and did not contribute to the 
composite scoring system of the sacral auricular surface. Overall ranges and 95% ranges 
are reported in Table 8. The majority of individuals exhibit Stage 2 (n=188). Stage 1 and 
Stage 4 are both underrepresented. The lack of Stage 1 individuals is likely explained by 
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the age distribution of the sample consisting of mostly older adults. Alternatively, the 
lack of individuals at Stage 4 indicates that most sacra did not reach extreme 
degeneration. There are some degenerative changes occurring at the sacral plateau as 
indicated by the majority of individuals in Stages 2 and 3 with very few individuals in 
Stage 1. This potentially indicates that at least some degeneration of the sacral plateau is 
normal. Passalacqua (2009) and Colarusso (2015) reported changes to the sacral vertebral 
ring that included lack of fusion, complete fusion, and absorption. However, the present 
study outlines potential patterns that could occur throughout the degenerative process 
(Table 8). However, the 95% ranges have similar problems to the composite scores of the 
sacral auricular surface, indicating that variability is significantly reduced and skewed by 
the large presence of older individuals in the sample. 
 The posterior facets on the sacrum also correlate with age. The facets were often a 
result of the sacrum and the posterior ilium forming a contact facet. This resulted in an 
articulation with the posterior sacrum and the retroauricular area of the ilium or the 
posterior inferior and superior iliac spines. Although not always present, the trait 
occurred as early as 32 years and could be indicative of a lower limit of a potential age 
range. Buckberry and Chamberlain (2002) stated that the retroauricular area was 
considered a poor indicator of age and was therefore eliminated from their study.  
There are no sex differences found in the present study, which is consistent with 
work by Passalacqua (2009) and Colarusso (2015). Additionally, the majority of the 
sample consists of skeletons from European ancestry. Significant ancestral differences 
were not found in previous research (Passalacqua 2009). However, the present study 
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introduces consideration of a gradual increase in porousness that could potentially have 
ancestral differences. 
 In sum, the features observed in the study indicate that there are some changes 
that can be associated with age. This is especially true for the sacral auricular surface and 
sacral vertebral ring. However, the 95% ranges are narrow due to reduced variability with 
combined composite scores. Without collapsed composite scores, the sacral auricular 
surface is susceptible to observer disagreement, which would potentially alter results. 
Therefore, the presented research may be utilized in situations where strict age ranges are 
not required.  
 Tests of both intra- and inter-observer error are reported in Tables 9 and 10. Most 
variables for intra-observer error show moderate or substantial agreement. However, in 
inter-observer analysis the sum of composite scores indicated fair agreement. This is 
likely due to disagreement between scores of any variables, which would affect the 
overall sum, which is an intrinsic problem of composite age estimation techniques. The K 
values reported often had slight to fair agreement, or no agreement at all. This indicates 
that there would be a large margin of error for age estimation using the presented 
methodology. Other Kappa tests could not be conducted because of the uniform 
distribution of the scores between observers, indicating that some traits, such as apical 
lipping, may be easier to evaluate. However, other variables, such as coarse granularity 
and the sacral vertebral ring, may be more difficult to assess and require experience. 
 Element survivability is an important aspect to consider. Certain skeletal elements 
may be potentially more susceptible to taphonomic alterations rendering them 
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unobservable in the age estimation process. In their study of the Crow Creek Massacre 
site, Willey et al. (1997) suggest that bone density can predict element survivability. This 
study focused on survivability of long bones and does not discuss the sacrum. Galloway 
et al. (1997) suggest that survivability of skeletal elements can also be linked to other 
intrinsic factors, such as components of trabecular and cortical bone, mass, and 
morphology. Additionally, Galloway et al. (1997) discuss a potential progressive loss of 
bone density throughout life that may result in decreased survivability of elements in 
older adults. Little is known about the survivability of the sacrum in an archaeological or 
forensic context, but one can assume that different projections of the bone, such as the 
coccygeal and superior articular facets, may be more susceptible to damage because of 
their morphology. However, the auricular surfaces of the sacra are often protected by ilia, 
which could potentially contribute to higher survival rates of the sacrum. 	 	
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CONCLUSION 	
  The present study found that the sacrum exhibits both developmental and 
degenerative changes that could correlate with age. The sacral auricular surface goes 
through progressive porousness and arthritic lipping that are separate from the changes 
that occur on the iliac auricular surface. Additionally, the sacral vertebral bodies 
gradually become fused at the scar, but may remain open through early adulthood. 
Similarly to the auricular surface, degenerative changes occur at the sacral plateau, 
including the incorporation of the sacral vertebral ring and the breakdown of the sacral 
plateau. These changes were examined and scored on ordinal scales. Ordinal scores of the 
sacral auricular surface were summed for a composite scoring system that resulted in age 
ranges that are dissimilar from other age estimation research due to unusually narrow 
ranges. Similarly, scores for the sacral vertebral ring and bodies and posterior facets on 
the sacrum could be further utilized for age estimation in a forensic setting. The features 
of the sacrum presented here are relevant to age estimation of adult remains. However, 
many of these ranges lack concrete 95% ranges and are susceptible to error. The research 
presented here may not be useful for estimating chronological age. However, it may be 
appropriate for producing general and wide age estimates. 
 Future research on the sacral auricular surface may include testing of the presented 
technique with sample of an equal distribution of ages or with younger age categories. 
Although younger individuals tend to have less porous bone, the sample of the present 
study has a small representation of younger individuals. Therefore, the present sample 
may not be an accurate representation of variation in this age group. Further research in 
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this area would refine the age ranges reported in Tables 3 and 4 and likely balance 
eliminated variability within 95% ranges. The authors also recommend further research in 
the study of the fusion of S1 and S2 and building upon the previous work (Belcastro et al. 
2008; Ríos et al. 2008) due to potential variation that could occur with the lack of fusion 
at the S1/S2 anterior junction. Additionally, further research can be conducted regarding 
the incorporation of the sacral vertebral ring and possibly adapting a composite 
methodology of the various features that appear at the sacral plateau, such as micro- and 
macroporosity. Future directions could also include a larger sample of observers with 
varying experience levels obtain more complete evaluation of potential observer errors. 
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